The ecology and function of many Australian predators has likely been disrupted following major changes in prey base due to declines in distribution and abundance of small mammals following European settlement. This study investigated various aspects of the dietary ecology of sooty owls (Tyto tenebricosa tenebricosa), including sexual variation as they potentially exhibit the greatest degree of reversed sexual dimorphism of any owl species worldwide. Sooty owls are highly opportunistic predators of non-volant small mammals, consuming most species known to exist in the region, so their diet fluctuates seasonally and spatially due to varying prey availability, and is particularly influenced by the breeding cycles of prey. Significant intersexual dietary differences existed with female sooty owls predominantly consuming much larger prey items than males, with dietary overlap at 0.62. The current reliance on relatively few native mammalian species is of conservation concern, especially when mammal declines are unlikely to have ceased as many threatening processes still persist in the landscape. Sooty owl conservation appears inextricably linked with small mammal conservation. Conservation efforts should be focussed towards improving prey densities and prey habitat, primarily by implementing control programs for feral predators and preventing the loss of hollow-bearing trees throughout the landscape.
Introduction
Predators can perform important ecosystem functions by influencing and shaping prey communities through top-down processes (McLaren and Peterson 1994; Henke and Bryant 1999; Schmitz et al. 2000; Terborgh et al. 2001; Duffy 2002) . Bottomup processes can, however, significantly influence predator ecology (Hunter and Price 1992; Suarez and Case 2002; Palkovacs and Post 2008) , with modification to the prey base impacting upon ecological aspects, including home-range size, habitat usage, breeding success, population density and distribution (Newton 1979 (Newton , 2002 Carey et al. 1992; Ward et al. 1998; Sergio et al. 2004) .
In Australia, many small mammal species have suffered extensive declines in distribution and abundance since European settlement (Burbidge and McKenzie 1989; Short and Smith 1994; Burbidge et al. 2008; Bilney et al. 2010) , resulting in significant ecological impacts on many native predators (Peake et al. 1993; Bilney et al. 2006) . It is therefore essential to understand how predators have adapted to changes in their prey base.
One predator for which there is knowledge of prehistoric diet, and diet change since European settlement, is the sooty owl (Tyto tenebricosa tenebricosa) (Morris et al. 1997; Bilney et al. 2006; Hollands 2008) . The sooty owl predominantly consumes non-volant mammalian prey, incorporating a wide-range of arboreal and terrestrial species ranging from 10 to 1300 g in body weight (Kavanagh 2002a; Bilney et al. 2011a) . Although diet is the most examined ecological attribute of the sooty owl, most dietary studies have focussed on single or few localities with limited collection of prey items (Smith 1984; Loyn et al. 1986; Lundie-Jenkins 1993; Holmes 1994; Hollands 2008) . Few studies have developed a broader understanding of their feeding ecology, such as temporal and geographical variation (Kavanagh 1997 (Kavanagh , 2002a Bilney et al. 2006 Bilney et al. , 2007 . There are considerable knowledge gaps associated with the dietary ecology of this species, which limit the ability to develop holistic conservation strategies.
The sooty owl is a naturally uncommon, hollow-dependent, strongly territorial, threatened species that primarily occupies large home-ranges (500-3500 ha) in tall wet forests in southeastern Australia (Kavanagh 1997; Higgins 1999; Bilney et al. 2011b) . It potentially exhibits the greatest degree of reversed sexual dimorphism of any owl species in the world (Mooney 1993; Krüger 2005) , with females weighing 1000-1200 g, and males being significantly smaller, weighing 550-700 g (Higgins 1999; Hollands 2008) . With such pronounced reversed sexual dimorphism, it is likely that intersexual niche partitioning occurs, especially in relation to diet (Selander 1966; Storer 1966; Earhart and Johnson 1970) . Sexual differences relating to home-range size and roosting preferences have also been detected in the sooty owl (Bilney et al. 2011a (Bilney et al. , 2011b . It is therefore important for long-term sooty owl conservation that intersexual differences are understood, so that conservation strategies cater for each sex appropriately.
As changes in prey availability are likely to have severely influenced ecological attributes of the sooty owl, it is essential that ecological attributes such as dietary ecology are well understood, not only to better understand the species, but also to improve conservation strategies for the species and its prey. The aim of this study was to examine a range of dietary characteristics of the sooty owl with specific aims being to determine: (1) whether there are intersexual dietary differences, (2) the extent of any geographic and seasonal variation in the diet, and (3) the influence of prey availability on the diet.
Materials and methods

Study area
The study area was 80 km long, comprising contiguous foothill and coastal forests less than 500 m in elevation, ranging from the Mitchell River in the west, through to the Snowy River in East Gippsland, Victoria, Australia. The western edge of the study area was~200 km due east of Melbourne, Victoria. Dietary remains of the sooty owl were collected from 45 sites, comprising 30 foothill forest sites and 15 coastal forest sites.
Locating roosting sites and collection of pellets
Sooty owls are known to have a strong affinity for rainforest (Higgins 1999) , which generally occurs in geographically restricted and isolated pockets within the study region (Peel 1999) . Maps of Ecological Vegetation Classes were used to locate patches of rainforest, while sheltered gorges and cliffs potentially containing cave/rock roosting sites were located using 1 : 50 000 contour maps. Once potential sites were identified each site was surveyed by walking the entire stretch of the potential habitat searching for whitewash (faeces), regurgitated pellets and roosting birds.
Prey remains of the sooty owl were determined through identification of skeletal remains within regurgitated pellets. Most regurgitated pellets collected during this study were collected under foliage or cave/rock roosting sites between September 2002 and March 2008. Individual pellets were collected separately, however, on occasions where bones could not be allocated to a single pellet, all prey remains were collected together. All pellets located within one area (usually from the same gully) were regarded as belonging to a single site.
To determine seasonal and sexual variations in the diet, regular pellet collection was undertaken at each site. Prey items used in this research came from regularly used, long-term roosting sites that were inspected during each survey. From each site, all prey items from a given season were combined for seasonal dietary analysis, as sample sizes were often too small to compare annual seasonal variation. At 14 sites, sooty owls of identifiable sex were regularly observed at a particular roosting site where they roosted alone, therefore allowing regurgitated pellets to be assigned to each sex with confidence. The pellets from females were collected from cave and foliage roosting sites in the non-breeding period, at a time when the female was likely to be capturing predominantly her own prey.
Analysis of pellets
Regurgitated pellets were dried before their contents were analysed. Once dried, pellets were dissected and all major skeletal elements (femora, humeri, mandibles and skulls) were removed to allow for identification of prey remains and for calculating the minimum number of individuals. Identification of skeletal material was undertaken by comparing to reference material held at Museum Victoria and the Australian National Wildlife Collection. Cranial material was used to distinguish between agile antechinus (Antechinus agilis) and white-footed dunnart (Sminthopsis leucopus) and between bush rats (Rattus fuscipes) and black rats (Rattus rattus), while cranial material and humeri were used to distinguish between bandicoot species. All Trichosurus remains were identified to genus. Bird and invertebrate species were not identified in this study. Determining the minimum number of individuals involved counting the most numerous left or right skeletal element of each species contained within a particular sample unit (e.g. single pellet, bag of pellets/bones).
Calculating prey size and biomass
The body weights of individual prey items detected in regurgitated pellets were estimated on the basis of regression analysis equations between body weight and a particular skeletal element length (Table 1) . The regression equations were derived from measurements (using calipers) to the nearest 0.01 mm of the femur, humerus and mandible from skeletal specimens with known body weight held at Museum Victoria, the Australian National Wildlife Collection and the Australian Museum. The femur and humerus were measured at maximum length from the proximal to the distal ends, while the mandibles were measured from the condyloid process to the tip of the incisors. Regression equations were calculated only for the main dietary prey species greater than 100 g in adult body weight. Measurements of skeletal remains were undertaken only from a subset of regurgitated pellets.
Estimating percentage prey biomass involved determining the average body weight of each species detected from the sooty owl diet, and multiplying this figure by the average frequency of consumption for that species. The total biomass for each species was calculated and converted to a percentage of the diet. As regression equations were not calculated for several species, the average body size of those species was estimated in order to calculate biomass. For species with adult body weights less than 50 g, including dusky antechinus (Antechinus swainsonii), the average body weight was calculated as two-thirds the adult body weight (based on average adult body weights given by Menkhorst and Knight (2001) ), and half adult body weight for the yellow-bellied glider (Petaurus australis), while species such as rabbits (Oryctolagus cuniculus) and Trichosurus spp. were assigned arbitrary estimates of 500 g. Insufficient museum specimens representing a range of body weights were available for these three mammal species, so regression equations could not be determined. The body weights of birds were arbitrarily estimated to be 100 g.
Mammal surveys
Live trapping and spotlight surveys were undertaken to determine small mammal presence and relative abundance in the two main study regions, i.e. the foothill forest and coastal forest. Trapping surveys involved using Elliot traps and cage traps baited with a standard mixture of rolled oats, honey and peanut butter, with linseed oil. Traps were set during early winter 2006 and 2007 within areas where a large number of sooty owl pellets had been collected. A total of 15 trapping transects were undertaken in both the coastal and foothill forests, with 28 traps (25 Elliot traps, and 3 cage traps) in each transect. Each trap was separated by 15 m. Each mammal trap was set for five consecutive nights and checked each morning. Each small mammal captured was ear clipped to calculate abundance. Trap success was estimated from the number of new individuals captured from the total trapnights per site.
Spotlighting involved walking and/or driving to survey for arboreal mammals. Surveys commenced no earlier than 1 h after sunset, and were undertaken for 1 h per night per site. Estimating the area surveyed by spotlighting involved estimating an average distance that was visible from the transect (e.g. 50 m), multiplied by the distance traversed and converted into hectares. The average number of arboreal mammals observed was recorded per hectare. All surveys were conducted less than 2 km from sites where sooty owl pellets had been collected.
Statistical analysis
Multidimensional scaling (MDS), SIMPER and ANOSIM were used to compare differences in seasonal, sexual and geographical diets based on percentage composition. Data used for these analyses were computed in the statistical software package Primer ver. 6.0 (Clarke and Warwick 1994) . Additional statistical procedures including Chi-square tests, Students t-tests, bivariate analysis, and Mann-Whitney U tests were conducted using SPSS (ver. 16). Further to the MDS analysis, bivariate analysis was used to determine the prey species that contributed to significant dietary differences between samples. The results of this analysis are shown on the axis of the MDS plot, revealing the direction of the differences.
Dietary breadth was calculated using the formula provided by Levins (1968) . Dietary overlap between the sexes of sooty owls was calculated for both relative frequency of prey items and biomass using the formula of Pianka (1973) . Values of this index range between 0 (no overlap) and 1 (complete overlap).
Results
Total diet
A total of 5300 prey items was identified from recently regurgitated pellets and skeletal material collected below sooty owl roosts from 45 sites. Mammals represented 96.6% of total prey remains, while birds and invertebrates accounted for 3.35% and 0.05% respectively. A total of 18 mammalian species were detected, of which 14 species were native and four introduced (Table 2) . Only five species were considered major dietary items, constituting 90.8% of the total diet. These five species were the sugar glider (Petaurus breviceps), the greater glider (Petauroides volans), the bush rat, the common ringtail possum (Pseudocheirus peregrinus) and the agile antechinus. The additional 13 mammalian species collectively represented 5.8% of the total diet. True arboreal mammals dominated the diet at every site where dietary remains were collected, with sugar gliders being the most frequently consumed species at 27 of 32 sites where more than 25 prey items were collected (Table 2) .
Sexual variation
Of the 5300 prey items identified, 2003 could be allocated to a specific sex of the sooty owl, these being 1722 prey items from male sooty owls across 13 sites and 281 prey items from females across five sites. In terms of the relative frequency of prey items consumed, there were significant differences between the diets of male and female sooty owls (ANOSIM), with three of 10 000 random permutations exceeding the global R statistic (0.741, P < 0.001) (Fig. 1) . Three species, the sugar glider, greater glider and common ringtail possum, were the main prey species in the diet of the female, accounting for 91.9%
of the similarity, while these three species and the bush rat accounted for 92.5% of the similarity in the diet of the male (Table 3) . Sugar gliders were the main prey item of the male, while greater gliders were the main prey item of the female, therefore these prey species were also the greatest contributing species to the dissimilarity between the diets. Overall, dietary overlap between the total relative frequency of the diets of males and females was 0.62, indicating some degree of difference between the sexes. Dietary breadth was not significantly different (t = 0.708, d.f. = 16, P = 0.489) between females (mean AE s.d. = 2.9 AE 0.6) and males (2.7 AE 0.7). The diets of the male and female were projected on an MDS plot, and variables were then correlated against the main MDS axes (Fig. 1) . Variables that were positively associated with MDS1 were mostly prey species with adult body size less than 200 g (r = 0.964, P < 0.001), such as the sugar glider, bush rat and agile antechinus, while variables negatively associated with MDS1 included prey species with adult body weights greater than 200 g (r = -0.961, P < 0.001), including the greater glider, common ringtail possum and Trichosurus spp., indicating that body size of prey was related to dietary differences.
There were significant differences between female and male sooty owls regarding prey size selection of the same species (Table 4) and overall prey selection (c 2 = 158.325, d.f. = 11, P < 0.001) (Fig. 2) . Female sooty owls generally consumed much larger prey, readily up to and over 1000 g, while males mainly consumed prey less than 500 g.
Due to the significant differences in the frequency of consumption rates, along with prey size differences, dietary biomass varied considerably between males and females (c 2 = 64.93, d.f. = 4, P < 0.001). For females, the main dietary items that contributed to biomass included greater gliders (58%), common ringtail possums (34%), sugar gliders (4%) and bush rats (2%). For males, the main dietary species contributing to biomass included sugar gliders (37%), greater gliders (24%), common ringtail possums (21%) and bush rats (9%). Biomass dietary overlap between males and females was 0.64. Greater gliders and sugar gliders were again the main drivers of dissimilarity between the male and female diets regarding biomass.
Geographical variation
A total of 2849 prey items was detected from 30 sites distributed throughout foothill forests, while a further 2451 prey items were detected from 15 sites within coastal forests (Table 2) . No mammal species was exclusively consumed in the foothill forests, while six species were detected only from coastal forests, these being the southern brown bandicoot (Isoodon obesulus), long-nosed bandicoot (Perameles nasuta), yellow-bellied glider, eastern bent-winged bat (Miniopterus schreibersii), house mouse (Mus musculus) and an unidentified placental mammal.
For comparisons between the sooty owl diet from foothill forest and coastal forest, only the diet of the male sooty owl was used, to eliminate trends that may be distorted by sexual differences. A total of 887 prey items from six sites in foothill forest was compared with 835 prey items identified from seven sites in coastal forest. There were significant differences in the male sooty owl diet between the foothill forests and coastal forests (ANOSIM), with seven of 10 000 random permutations exceeding the global R statistic (0.327, P = 0.004). Three mammal species, the sugar glider, greater glider and bush rat accounted for 93.2% of the similarity between foothill forest sites, while these three species plus the common ringtail possum and agile antechinus accounted for 94.4% of the similarity between coastal forest sites. The main species contributing to the dissimilarity between foothill and coastal forests were the sugar glider and greater glider, which were detected in higher quantities in foothill forests, and the common ringtail possum, bush rat, agile antechinus and dusky antechinus, which were all detected at higher quantities in coastal forests.
Average mammal species richness in the diet per site was significantly higher in coastal forests compared with foothill forests (t = 2.24, d.f. = 11, P = 0.047), averaging 8.43 (AE0.98) and 6.83 (AE1.83) respectively. Dietary breadth was therefore also significantly different between coastal forests and foothill Prey body weight (g)
Percentage of diet Fig. 2 . The body weight range of prey items from the diet of male (shaded) (n = 645) and female (unshaded) (n = 90) sooty owls, representing 95% of the total diet of males, and 94% of total diet of females.
forests (t = 2.762, d.f. = 11, P = 0.018), and averaged 3.06 (AE0.67) and 2.18 (AE0.38) respectively. True arboreal mammals were detected in significantly higher quantities in foothill forests than in coastal forests (t = 5.124, d.f. = 11, P < 0.001) while both scansorial mammals (t = 2.71, d.f. = 11, P = 0.020) and true terrestrial mammals (t = 2.456, d.f. = 11, P = 0.032) were detected in significantly higher quantities in coastal forests.
Seasonal diet
Detailed analysis of seasonal variation was conducted for only four sites from coastal forests, where prey remains were predominantly male, with no known female dietary remains included. There were significant differences between the sooty owl diet from each season (ANOSIM) with none of the 10 000 random permutations exceeding the global R statistic (0.483, P = 0.001). Consumption rates of all major dietary items fluctuated seasonally, and dietary composition varied significantly between most seasons except between JanuaryMarch and April-June, and between January-March and October-December (Table 5 ). Major changes in diet include high rates of consumption of greater gliders during OctoberDecember, which declined over the rest of the year. Consumption rates of dusky antechinus increased dramatically in JulySeptember and remained low throughout the rest of the year. Bush rat consumption was highest during January-March, and lowest during the cooler months of April-September.
Mammal surveys
A total of 13 (Trichosurus spp. combined) non-volant mammal species were either trapped or observed during nocturnal surveys in this study (Table 6 ). All species detected by conventional survey techniques were also detected in the sooty owl diet, while three small mammal species, the southern brown bandicoot, eastern pygmy possum (Cercartetus nanus), and black rat were detected in the sooty owl diet but were undetected by conventional survey techniques. At particular localities however, some species (yellow-bellied glider, white-footed dunnart, house mouse, Trichosurus spp.) were detected (all at low densities) by conventional survey techniques but were undetected in the sooty owl diet. Spotlight surveys did not detect a significant difference in the mammal community composition between foothill forests and coastal forests (c 2 = 3.000, d.f. = 5, P = 0.700). However, there were significant differences detected by trapping (c 2 = 44.856, d.f. = 6, P < 0.001). Overall, all major prey items were detected at much higher abundances in the coastal forests than in the foothill forests (Table 6 ). However, statistically significant differences were detected only for the agile antechinus (t = 3.3631, d.f. = 28, P = 0.001), bush rat (t = 2.616, d.f. = 28, P = 0.014) and greater glider (U = 224, P = 0.015).
Despite apparent difference in detection rate of sugar gliders between coastal and foothill forests, they were not significantly different (U = 300, P = 0.185), due to their overall low detection rate. The white-footed dunnart and house mouse were exclusively detected in the foothill forests, while dusky antechinus, longnosed bandicoots and feathertail gliders (Acrobates pygmaeus) were exclusively detected in coastal forests from surveys. Although the yellow-bellied glider, common ringtail possum and long-nosed bandicoots were not recorded during conventional surveys from the foothill forests, they were incidentally recorded at low abundances in these areas outside of surveys. Overall, the most common small mammal species detected by survey techniques were also the main dietary items of sooty owls throughout the study region.
Discussion
The sooty owl is a highly opportunistic predator of small mammals, capable of incorporating virtually all non-volant small mammal species less than 1300 g that exist in an area into its diet. Its diet, therefore, varies significantly spatially and temporally (Kavanagh 1997; Bilney et al. 2006) due to differing prey availability and the susceptibility of the prey to predation (Braithwaite et al. 1988; Bennett et al. 1991; Catling and Burt 1995; Menkhorst 1995) . This was highlighted by the marked seasonal dietary changes that often corresponded to breeding cycles of some main prey species, indicating increased susceptibility to predation during these times. This included heightened consumption rates during mating (suggesting behavioural susceptibility to predation: agile antechinus and bush rats), after mating (associated only with male die-off in agile antechinus and dusky antechinus) and of juveniles, especially when they first become available (greater gliders, bush rats, long-nosed bandicoots) (Tyndale-Biscoe and Smith 1969; Robinson 1987; Lazenby-Cohen and Cockburn 1993; Menkhorst 1995) . There was a strong link with high consumption rates of substandard individuals, especially juveniles and unhealthy or dying individuals, which has been observed with other predators (e.g. Temple 1987 ). Overall, the sooty owl's dietary flexibility provides great resilience to changing prey availability, and, combined with intersexual dietary differences, offers substantial ecological advantages to a pair. This enables a pair to exploit available resources more comprehensively while minimising intersexual competition (Selander 1966; Earhart and Johnson 1970; Newton 1979) . Despite whatever factors are involved in the evolutionary development of reversed sexual dimorphism (e.g. Amadon 1975; Snyder and Wiley 1976; Andersson and Norberg 1981; Wheeler and Greenwood 1983; Lundberg 1986; Mueller 1986; Krüger 2005) , perhaps the most crucial issue arising from studies investigating intersexual niche utilisation differences in raptors is often overlooked, and that relates to the conservation implications arising from the niche utilisation differences. Understanding intersexual niche differences and the differing resource demands and requirements should enable the development of a more comprehensive conservation strategy for the species, rather than focusing on the species as a single entity.
Although it is of conservation concern that an opportunistic predator is currently consuming predominantly only two prey species (sugar glider and greater glider), what is of further concern is that these two prey species are hollow dependent. The main threatening processes to hollow-dependent mammals is the loss of hollow-bearing trees, which is exacerbated by land management practices such as clear-fell logging and frequent fire regimes (Lunney 1989; Catling 1991; Lindenmayer et al. 1997; Kavanagh and Webb 1998; Kavanagh 2000; Gibbons and Lindenmayer 2002; Garnett et al. 2003) . The density of numerous arboreal mammals is typically limited by the number of hollow-bearing trees in the landscape (Smith and Lindenmayer 1988; Lindenmayer et al. 1990) , often with the lowest populations remaining in heavily logged areas (Kavanagh and Bamkin 1995; Kavanagh and Webb 1998; Kavanagh 2000) . It is therefore highly likely that populations of hollow-dependent mammals will decline significantly in wood-production forests over the long term (Lindenmayer et al. 1997) .
The results of this study therefore suggest that clear-fell logging is likely to be detrimental to populations of sooty owls where hollow-dependent mammals dominate the small mammal community. Previous studies that have investigated the impacts of logging regimes on large forest owls have focussed in regions where non-hollow-dependent small mammals species such as common ringtail possums and bush rats are abundant (Kavanagh and Bamkin 1995; Kavanagh 2002b ) and therefore dominate the sooty owl diet (Kavanagh 2002a) . Although studies have shown that sooty owls can be considerably resilient to logging practices (Kavanagh 1997; DEC 2006) it appears that this pattern is dictated by high prey densities. It is therefore paramount that future research investigates the impact that land management practices such as logging and fire regimes have on owl populations, especially where hollow-dependant mammals dominate the mammal community.
Although the sooty owl has shown considerable resilience to changes in prey base following European settlement, its diet is constrained by the limited number of species that currently remain common and widespread (Bilney et al. 2006 (Bilney et al. , 2010 . Sooty owls, like many other native predators, may now be close to a tipping point, due to the limited alternative prey available and may not be able to tolerate further mammal declines. It is likely that the maintenance or enhancement of a high diversity of small mammals is the most important conservation issue for sooty owls, and it is likely that the resilience of sooty owls to particular land management practices and stochastic events will be primarily dictated by prey availability.
Predation by feral predators is a major factor responsible for suppressing small mammal population densities (Sinclair et al. 1998; Kinnear et al. 2002; Dexter and Murray 2009) . Longterm predator-control programs should greatly benefit sooty owls and other native predators by enhancing the diversity of critical-weight-range terrestrial mammals (Sinclair et al. 1998; Dexter and Murray 2009 ). This should also provide suitable conditions for the reintroduction of locally extinct species, many of which historically were important prey items for sooty owls (Bilney et al. 2006 (Bilney et al. , 2010 . Increasing prey densities should also alleviate both intersexual and interspecific competitive interactions for food (Bilney et al. 2011a) .
It is important that all land management practices ensure that healthy mammal populations are retained, and ultimately enhanced. There should be greater efforts towards retaining high densities of hollow-bearing trees in the landscape, and it also should be ensured that a heterogeneous age structure and species diversity is maintained within commercial forests (Scotts 1991; Gibbons and Lindenmayer 2002) . Fire regimes should be compatible with ecological requirements (Catling 1991; SAC 2001 SAC , 2003 Clarke 2008) . These programs will not only improve long-term small mammal conservation, but also native predator conservation, while also improving ecosystem function and health in the process.
